Abstract The nervous system integrates information from multiple senses. This multisensory integration already occurs in primary sensory cortices via direct thalamocortical and corticocortical connections across modalities. In humans, sensory loss from birth results in functional recruitment of the deprived cortical territory by the spared senses but the underlying circuit changes are not well known. Using tracer injections into primary auditory, somatosensory, and visual cortex within the first postnatal month of life in a rodent model (Mongolian gerbil) we show that multisensory thalamocortical connections emerge before corticocortical connections but mostly disappear during development. Early auditory, somatosensory, or visual deprivation increases multisensory connections via axonal reorganization processes mediated by non-lemniscal thalamic nuclei and the primary areas themselves. Functional single-photon emission computed tomography of regional cerebral blood flow reveals altered stimulus-induced activity and higher functional connectivity specifically between primary areas in deprived animals. Together, we show that intracortical multisensory connections are formed as a consequence of sensory-driven multisensory thalamocortical activity and that spared senses functionally recruit deprived cortical areas by an altered development of sensory thalamocortical and corticocortical connections. The functional-anatomical changes after early sensory deprivation have translational implications for the therapy of developmental hearing loss, blindness, and sensory paralysis and might also underlie developmental synesthesia.
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Introduction
Most behaviorally relevant stimuli activate multiple sensory streams, which have to be integrated for a coherent percept (for review, e.g., Schroeder and Foxe 2005; Stein and Stanford 2008; Klemen and Chambers 2012) . This multisensory integration is already present at the level of primary sensory cortices like the primary auditory (A1), somatosensory (S1), and visual cortex (V1) (for review, e.g., Kayser and Logothetis 2007; Driver and Noesselt 2008; Bizley et al. 2016) . Neurons in these cortices respond to their own (''matched'') sensory modality and also to other (''non-matched'') modalities and receive convergent anatomical inputs via thalamocortical (from thalamus to cortex) and corticocortical (intracortical) pathways. The cross-modal connectivity at this early processing level provides a reasonable anatomical basis for short-latency multisensory integration processes in primary sensory cortices because the multiple sensory information has to cover only a few synapses from the sensory epithelium to the cortex (Budinger and Scheich 2009; Henschke et al. 2015) . Since short-latency multisensory integration is suited to improve sensory performances, for example, by decreasing reaction times (e.g., humans: Gielen et al. 1983; Molholm et al. 2002; Teder-Salejarvi et al. 2002; Noesselt et al. 2010; animals: Sakata et al. 2004; Gleiss and Kayser 2012) , the establishment of underlying thalamo-and corticocortical connections might also play a crucial role in the development of multisensory behavior (for review, e.g., Stein et al. 2014; Hanganu-Opatz et al. 2015; Murray et al. 2016) .
While it is well appreciated that early loss of one sensory modality can lead to enhanced responses and an improved performance in the remaining senses as well as to the functional recruitment of non-deprived cortical areas to different modalities (e.g., humans: Sadato et al. 1996; Lessard et al. 1998; Roder et al. 1999; Finney et al. 2001; Gougoux et al. 2004; animals: Rauschecker et al. 1992; Lomber et al. 2010; Ghoshal et al. 2011; Meng et al. 2015; Hammond-Kenny et al. 2017) it is not well understood how and when individual sensory pathways and in particular, connectivity across these pathways change in relation to normal development. So far, previous studies on multisensory connectivity in primary sensory cortices following early sensory loss have paid attention mostly to changes observed in adult individuals and in the deprived cortical area (e.g., Charbonneau et al. 2012; Meredith and Allman 2012; Chabot et al. 2015; Barone et al. 2013; Karlen et al. 2006; Sieben et al. 2015) . We here investigated first the early postnatal development of unisensory and multisensory (''cross-modal'' with respect to stimuli; Stein et al. 2010 ) thalamo-and corticocortical pathways of three primary cortical areas (A1, S1, V1) in normally developing rodents (Mongolian gerbils, Meriones unguiculatus), which are an outbred species and a well-suited model for multisensory and developmental research (Budinger and Scheich 2009 ). We then examined how the loss of each one of the three senses (hearing, touch, vision) alters the development of these pathways of all three (deprived and spared) sensory systems.
To examine the thalamocortical and intracortical connections of matched and non-matched sensory modalities we used retrograde tracer injections into A1, S1, and V1. We found that multisensory convergence is first present at the thalamocortical level and then at the intracortical level. Initially, there is an overabundance of multisensory connections followed by an elimination of exuberant connections and refinement. In animals, without early auditory, somatosensory, or visual experience we observed an increase of sensory matched as well as non-matched thalamocortical and corticocortical connections mediated mostly by axonal reorganization in non-lemniscal thalamocortical pathways and pathways from primary and secondary cortices. Consistent with the anatomical findings, in vivo single-photon emission computed tomography (SPECT) of cerebral blood flow revealed that sensory deprived animals show altered neuronal responses to sensory stimulations and a higher functional connectivity between spared and deprived primary sensory areas. Together our study demonstrates that the lack of sensory experience has a dramatic effect on the development of thalamic and cortical sensory connections and in particular not only on the pathways underlying the deprived sense but also on pathways of non-deprived senses enabling a functional recruitment of deprived cortical areas by the spared senses.
Materials and methods

Experimental animals
Experiments were performed on 108 M. gerbils (M. unguiculatus) of both genders at postnatal days P1 (newborn, somatosensation already active), P9 (before opening of ears and eyes), P15 (after complete ear opening at * P14), P21 (after complete eye opening at * P19), P28 (animals weaned, end of critical period), and P120 (adult; for cytoarchitecture only).
Mongolian gerbils have good vision (Jacobs and Deegan 1994) , hearing (in particular of low frequencies : Ryan 1976) , touch (with a particular role of hind paw drumming: Thiessen and Yahr 1977) , and olfaction (Vallejo et al. 2000) . There is also multiple anatomical, physiological, and behavioral evidence for cross-modal interactions, even at the level of primary sensory cortices, in this species (e.g., Cahill et al. 1996; Budinger and Scheich 2009; Kobayasi et al. 2013) . At birth, M. gerbils are deaf and blind (Souter et al. 1997 ) but show first sensorimotor reflexes (Cabana et al. 1993) . Gerbils develop slower than rats and mice (Schwentker 1963) , particularly during the activation of the different sensory systems. While there is a partial temporal overlap between the onset of hearing and vision in mice and rats, this is not the case in gerbils enabling a precise investigation of the different sensory influences during development with respect to their onset. In mice, ears open at around P10-12 (Ehret 1976 ) and eyes around P12-15 (Fuller and Wimer 1966) . In gerbils, external ear canal and middle ear cavity are completely open at P14 (Finck et al. 1972) and eyes open between P16 and 20 (average P18.5 ± 1.2 days : Wilkinson 1986; Mowery et al. 2016) . We, therefore, focused on the five above-mentioned ages, which span the serial activation of the sensory systems.
The litter size of our animals varied from six to nine pups and was not adjusted; the father was removed from the mother and litter before birth because of his aggressive behavior against surgically treated nestlings. At P28, the young gerbils were separated from the mother. Around the time of ear canal (P14) and eye-opening (P16-20), animals were inspected frequently to determine the exact time point of these events. Animals were housed in standard laboratory cages (Tecniplast, Italy; Eurostandard Type IV, 598 9 380 9 200 mm) in air-conditioned rooms (average temperature 22°C, 12 h light-dark cycle); water and food were available ad libitum.
All experiments were according to the NIH Guide for the Care and Use of Laboratory animals (2011) and the Directive of the European Communities Parliament and Council on the protection of animals used for scientific purposes (2010/63/EU) and were approved by the animal care committee of Sachsen-Anhalt, Germany (number of proposal for animal experimentation: 42502-2-1324 LIN).
Neuroanatomical tracer injections
For tracer injections, 45 normal and 27 deprived gerbils were used; 3 animals per age group, deprivation type and injection site into A1, S1, and V1, respectively. Animals were anesthetized with isoflurane (4 vol%; Baxter, Germany), the cranial skin was locally disinfected, anesthetized (Gingicain, Sanofi-Aventis, Germany), and incised. The skull was exposed by displacement of the skin and muscles, and a small hole was drilled into the skull. Respective craniotomies were performed using stereotaxic information with respect to external landmarks on the skull, such as lambda and bregma, and to other distinct landmarks like characteristic blood vessels of the bone and the brain (Henschke et al. 2015; RadtkeSchuller et al. 2016) , which had to be adapted to the smaller size of the young skull and brain. For all animals, an additional post hoc histological analysis of the injection sites was performed using internal landmarks and cytoarchitectural features (Fig. S1 , Tab. S1). In consequence, this study only comprises animals with unequivocally verified injections into A1 (central part, high and low frequencies), S1 (hindlimb area HL), and V1 (monocular and binocular part). Other experimental animals (not listed here), for example, with injection sites even slightly spreading into adjacent cortical areas or the white matter, were not included in this study.
At every experimental age, 18 nl of a 10% Fluorogoldsolution (FG, hydroxystilbamidine; Fluorochrome, LLC, USA; molecular weight: 532.6 Daltons; diluted in distilled water) were injected in 2 9 9 nl steps over 5 min into A1, S1, and V1 of the left hemisphere using an oil hydraulic nanoliter delivery system (World Precision Instruments, Germany) and fine glass micropipettes (tip diameter 20 lm). We used FG as a tracer because of its fast and reliable retrograde transport compared to, for example, dextran amines and viruses, which need transportation and expression times, of up to several weeks (Vercelli et al. 2000; Wickersham et al. 2007 ). These are, in turn, too long for the scope of the study and the use in very young animals. After the injections, the craniotomies were sealed with bone wax (Ethicon, Johnson & Johnson, Germany), the surgical openings were treated with an anti-inflammatory ointment (Volon A; Dermapharm GmbH, Germany), and the skin was closed with tissue adhesive (Histoacryl; B/Braun, Germany).
Deprivation of early sensory experiences
Somatosensory deprivation was performed at P5 by a bilateral transection of the sciatic nerve of the hindlimb (Wall and Cusick 1986) . At this time point, somatosensation is already active and animals can perceive touch and vibrations (Cabana et al. 1993) . We chose this particular kind of somatosensory deprivation because previous studies demonstrated multisensory connections preferentially for the hindlimb and trunk area of the gerbil's somatosensory cortex, which, in turn, might be related to a particular warning behavior (hind paw drumming) of the animals (Budinger et al. 2006) . Animals were separated from their mother together with their littermates; then, each animal was anesthetized with isoflurane (4 vol%) and positioned on its side. The skin around the upper femoral joint was locally disinfected, anesthetized, and finally incised along the femur. By displacement of the outer femoral muscles the sciatic nerve became visible, which was then carefully separated from the surrounding tissue and vessels and finally transected. The surgical opening was treated with an anti-inflammatory ointment and closed with surgical silk suture (Johnson & Johnson) . The animal was put back with its littermates and 1 h later with its mother. The maturation of each animal was carefully monitored and it turned out that the transection of the sciatic nerve had no major motor consequences except than a partial overflexion of the hind paw fetlocks.
Auditory deprivation was performed by bilateral ototoxic inner hair cell damage (Heydt et al. 2004) at P10, that is before external ear canals and middle ear cavities are completely open (* P14: Finck et al. 1972) . For deafening, the skin behind the pinna of the anesthetized animals was locally disinfected and incised. A small hole was drilled into the bulla tympanica and 0.5 ll Gentamycin (1% in distilled water, 0.0025% EDTA, 0.00008% sodium bisulfite; Sigma-Aldrich, Germany) were applied directly onto the round window using a microliter syringe (Hamilton, Switzerland). Thereafter, the bulla was closed with bone wax and the skin incision was treated with an anti-inflammatory ointment and sewed up with surgical silk suture. The animal was put back with its littermates and later on with its mother. At P28, deafness of animals was validated by a lack of startle responses. Therefore, a startle stimulus (50 ms, 120 dB) was delivered to the gerbil in a startle-box system (TSE Systems GmbH, Germany) with or without preceding prepulse stimulus (30, 100 ms before the startle stimulus) at eight different intensities (73-94 dB, 3 dB increments) on a 70 dB white noise background (Bhattacharya et al. 2017) . After habituation to the box (3 min), 2 startle trials were followed in pseudo-random order by 10 startle trials and 5 trials at each of the prepulse intensities with stochastically varied intertrial intervals (5-30 s). The maximal startle amplitude was measured by a sensor platform. Only animals, which did not show any sign of acoustic responses, i.e., which were obviously completely deaf, were used for this study.
Visual deprivation was performed at P10 by bilateral enucleation ), i.e., before vision onset. Eyes open earliest at P16 (Wilkinson 1986) , which is considerably delayed (in our animals towards P19) when the father is absent from the litter (Elwood and Broom 1978) . For enucleation, the eyelid of the anesthetized animal was carefully opened and the eyeball was displaced from its socket using round forceps. Then, the optic nerve and ophthalmic artery were clamped with fine forceps for 2 min. Thereafter, the optic nerve was cut and the eyeball removed. The orbita was filled with absorbable styptic gelatine sponge (Gelastypt, Sanofi-Aventis; Germany) and the eyelid was closed with surgical silk suture.
Histology
Processing After 3 days of retrograde tracer transport, animals of the age groups P1-15 were reanesthetized with isoflurane (4 vol%) and decapitated. All other animals were reanesthetized with ketamine (20 mg/100 g body weight, ip) and xylazine (1 mg/100 g body weight, ip) and were perfused transcardially with 20 ml of 0.1 M phosphate-buffered saline (PBS, pH 7.4) followed by 200 ml of 4% paraformaldehyde (PFA). Then, brains were removed, postfixed overnight in 4% PFA at 4°C, and cryoprotected by soaking them in 30% sucrose in PBS for 48 h. Brains were cut on a cryostat (Leica CM 1950, Germany) into 50 lm thick frontal sections. Every first and second section of each experimental animal was directly mounted on gelatin-coated glass slides for pure FG visualization; out of those, sections in 300 lm intervals were counterstained for cytoarchitecture 1 min using DAPI (4 0 ,6-diamidin-2-phenylindoldihydrochlorid; 0.1% in 0.1 M PBS; Sigma, Germany). Every third section was collected in PBS (freefloating) and stained against GAP43 (rabbit, 1:500, #ab16053, Abcam, United Kingdom; RRID: AB_443303), Caspase-3 (rabbit, 1:500, #Asp175, Cell Signaling, USA; RRID: AB_10665003), and Doublecortin (goat, 1:1000, #sc8066, Santa Cruz Biotechnology, USA; RRID: AB_2088494), respectively (overnight). After the washing and blocking procedure, sections were incubated with the respective secondary Cy3-labeled antibodies (1:500, Dianova, Germany; anti-rabbit #111-165-047, RRID: AB_2338005;
anti-goat #305-165-003, RRID: AB_2339464) for 2 h. Finally, sections were washed again, mounted on gelatin-coated slides, and coverslipped with MOWIOL (Fluka, Germany).
In addition, brains of 16 other non-injected animals (two per age group and deprivation type) were used for a detailed cytoarchitectural investigation of the developing gerbil brain (Fig. 1) , for a reliable identification of target areas, as well as for the definition of landmark-based volumes of interest (VOIs) in reference MR-images for SPECT experiments. After sectioning on a cryostat, brain sections were directly mounted on gelatin-coated glass slides, counterstained with Nissl (cresyl violet), and coverslipped with Merkoglas (Merk; Deutschland).
Analysis All sections were thoroughly examined under a combined brightfield and fluorescent microscope (Leica DMRX, Germany) with the appropriate filter sets. FG has (depending on pH) an excitation maximum of 323 nm and an emission maximum of around 540 nm (golden fluorescent; filter set FG, AHF Analysentechnik, Germany), DAPI of 358 and 461 nm (blue fluorescent; filter set A, Leica), and Cy3 of 550 and 570 nm (red fluorescent; filter set N2.1, Leica). Images were taken with a Nikon D7000 camera mounted on the microscope. Illustrations were arranged using Photoshop (v. 13.0.6) .
Cortical areas and subcortical structures were identified on the basis of their architecture and relative location using information derived from extensive anatomical work on gerbils, including stereotaxic atlases of the gerbil brain (Loskota et al. 1974; Radtke-Schuller et al. 2016) , and from comparative literature, in particular from stereotaxic brain atlases and descriptions of the mouse and rat (reviewed in Henschke et al. 2015) . For young animals, areas were identified on the basis of own extensive anatomical investigations (e.g., Fig. 1 ) and according to atlases of the developing mouse and rat brain (Paxinos et al. 2006; Ashwell and Paxinos 2008) .
The extent of each injection site was measured using the measure tool of the Neurolucida software (MicroBrightField, USA) in the sections covering the center of each injection site. Width (W, measured parallel to the cortical layers), length (L, measured across the injected layers), and location of each injection site are presented for each experimental animal in Table S1 . Average volume (V i ) of injection sites for each experimental age was calculated considering a cylindrical size of the individual injections with V i = (p/4) 9 W 2 9 L (Fig. S2 ). Average total volume of cortical areas A1, S1, and V1 (V A1,S1,V1 ) was calculated for each experimental age on the basis of magnetic resonance imaging (MRI) scans of P28 animals (see below) and areal information derived from the gerbil's stereotaxic atlas (Radtke-Schuller et al. 2016) . Accordingly, at P28, V A1 = 4.018 mm 3 , V S1 = 17.838 mm 3 , V V1 = 10.700 mm 3 . For the smaller brains of younger animals, correction factors (P1: 0.544, P9: 0.816, P15: 0.960, P21: 0.968), derived from detailed brain size measurements of developing gerbils (Wilkinson 1986 , Fig. 4) , were regarded. Cortical thickness of A1, S1, and V1 (Tab. S2) was measured (Neurolucida measuring tool, MicroBrightField) in 5 consecutive sections covering these areas in the left hemisphere of the 16 animals designated to the cytoarchitectural investigation (see above).
After each injection, the numbers of retrogradely labeled neurons (i.e., neurons, which clearly contained the tracer) Fig. 1 Nissl-stained frontal sections showing the cytoarchitecture of auditory, somatosensory, and visual thalamic nuclei and of primary cortical areas A1, S1 (HL hindlimb area), and V1 at all experimental ages (P1-28) and at P120 (adult). Scale bars 200 lm (bars for P9 applicable to all later time points), areal borders are marked by small arrowheads (I-VI cortical layers I-VI, CP cortical plate, d dorsal, m medial, MZ marginal zone of cortex, SP subplate of cortex; for other abbreviations see Table 1) Brain Struct Funct (2018 Funct ( ) 223:1165 Funct ( -1190 Funct ( 1169 in all brain structures of interest were counted in two-thirds of all sections of each experimental animal (third section was used for immunohistochemistry; see above), summing up to several thousand neurons per animal. According to the scope of this study, mean values of respective labeled neurons for five age groups, three deprivation types, and three injection sites (always n = 3) were calculated for sensory structures of the cortex and thalamus, namely the primary and secondary sensory cortices and the sensory thalamic nuclei (dorsal thalamus, subthalamus, metathalamus). This excludes labeled nuclei of the hypo-and epithalamus and non-sensory thalamic nuclei, i.e., nuclei, which do not primarily process sensory information (e.g., Groenewegen and Witter 2004; Jones 2007) , and nuclei of lower brainstem structures. For the laminar distribution of labeled cell bodies in the cortex, a layer index L = (SGL -IGL)/(SGL ? IGL) (IGL: number of cells in infragranular, SGL: in supragranular layers) was calculated (e.g., Cappe and Barone 2005; Budinger et al. 2006; Masse et al. 2017) , indicating (together with particular terminal labeling, which was not available in this study using FG) feedback (-1 B L \ -0.1), feedforward (0.1 \ L B 1), and lateral (i.e., intrinsic) connections (-0.1 B L B 0.1) (Felleman and Van Essen 1991; Rouiller et al. 1991) . The respective values were transformed into a color-coded plot (Fig. 6, Tab. S4) .
For the analysis of DCX and GAP43 staining intensities in sensory thalamus and cortex ( Fig. 7) , microscopical images of regions of interest were taken as described above always with 109 magnification and 500 ms exposure time. Then, RGB images were converted non-weighted into 8 bit gray-scale images and mean gray values were determined in 3 consecutive sections covering the region of interest in each experimental animal (i.e., n = 9 sections for each structure at each experimental age and for each deprivation type) using the Measurement tool of Image J (v. 1.48 g, NIH, USA).
All statistical analyses, including two-tailed, unpaired Student's t test for normally distributed values, non-parametric Kolmogorov-Smirnov (KS) test for small sample sizes, and multivariate non-parametric Scheirer-Ray-Hare (SRH) test (Sachs 2004) were performed using Microsoft Excel (v. 13) and Real Statistics software (Charles Zaiontz; real-statistics.com).
Single-photon emission computed tomography (SPECT)
Imaging procedure For SPECT-imaging of regional cerebral blood flow 20 gerbils (P28; 10 normal, 10 somatosensory deprived) were intravenously injected with 99m Tc-HMPAO ( 99m Technetium hexamethylpropyleneamine oxime). Jugular vein catheter implantation at P27 and preparation of the 99m Tc-HMPAO injection solution were essentially done as previously described (Kolodziej et al. 2014) . For tracer injection, the catheter was extended by a polyethylene (PE) tube (65 cm, prefilled with 162.5 ll 0.9% NaCl; BioMedical Instruments, Germany) and connected to a syringe containing 130-150 MBq freshly prepared 99m Tc-HMPAO in volumes of 300-380 ll. Injections were made with a perfusion pump (Havard Instruments, USA) at flow rates of 40 ll/min, during which the animals were awake and freely behaving in a sound proof, dark chamber. Animals received either no stimulus (baseline condition, 9 min) or were stimulated acoustically (75 dB SPL white noise bursts, 250 ms on/off, 9 min, free field) or visually (light flashes, 1800 lx at 30 cm, 250 ms on/off, 10 min, strobe LED Eurolite, Germany). Stimulation started when the tracer had filled the PE-extension tube and was about to reach the jugular vein catheter. Stimulation continued for Table 1 Sensory thalamic nuclei containing retrogradely labeled somata after injections of FG into the gerbil's A1, S1, and V1 Listed is the main modality and belonging of these nuclei to the lemniscal (core) or non-lemniscal (non-core) sensory pathways (e.g., Groenewegen and Witter 2004; Jones 2007) . Matched nuclei are those, which belong to the same given sensory pathway (e.g., lemniscal and nonlemniscal auditory), non-matched nuclei belong to the other sensory pathways (lemniscal and non-lemniscal somatosensory and visual). In particular, some of the non-lemniscal nuclei may already process multisensory information (e.g., Budinger et al. 2006) 1 min after tracer injection. The animals were then removed from the chamber and anesthetized (4-2 vol% isoflurane, 0.8 vol% O 2 ) for SPECT/CT imaging. The amounts of tracer remaining in the syringe and in the extension tube were determined using a radionuclide calibrator (Aktivimeter Isomed 2010, Nuklear-MedizinTechnik Dresden GmbH, Germany). Animals were imaged every second day (first baseline, then acoustic and then visual stimulation). Co-registered head SPECT/CT-scans were made using a four-head NanoSPECT/CT (Mediso, Hungary). CT scans were made at 45 kVp, 177 lA, with 180 projections, 500 ms per projection and 96 lm pixel size, reconstructed (InVivoScope v. 1.43) at isotropic voxel-sizes of 200 lm. SPECT scans were made using ten-pinhole gerbil brain apertures (SCIVIS, Germany) with 1.0 mm pinhole diameters, providing a nominal resolution of 0.7 mm. Twentyfour projections were acquired during a scan time of 1 h. Axial FOV was 29.9 mm. Photopeaks were set to the default values for 99m Tc (140 keV ± 5%). Analysis SPECT images were reconstructed (HiS-PECT TM , v. 1.4.1876, SCIVIS) at an isotropic voxel size of 167 lm. Using CT landmarks, the co-registered SPECT/CTimages were aligned (MPITool TM software, v6.36, ATV) to a P28 gerbil reference MR obtained at 4.7 T (Bruker BioSpec 47/20, Germany). After alignment, SPECT-brain datasets were cut out from SPECT-head datasets and were global-mean normalized. SPECT data obtained under stimulus conditions were baseline corrected, i.e., in each animal, the normalized data without stimulation were subtracted from the normalized data under stimulus conditions. Voxelwise analyses and landmark-based VOI analyses including statistical analyses (Pearson's Chi-square test for normality; F test for similar variances; two-tailed, unpaired Student's t test) of control animals versus somatosensory deprived animals and correlation analyses between individual VOIs were done using the Osirix-DICOM viewer (v. 5.8.1), Microsoft Excel (v. 13), and MagnAn-software (v. 2.4, BioCom GbR). Illustrations were made in Photoshop (v. 13.0.6) with images generated in Osirix.
Results
We investigated the development and experience-dependent changes of thalamocortical and corticocortical connections of matched and non-matched sensory inputs by retrograde tracer injections of FG into A1, S1, and V1 of M. gerbils focusing on five ages spanning the serial activation of the sensory systems: P1 (newborn, somatosensation already active), P9 (before ear and eye opening), P15 (shortly after complete ear opening), P21 (shortly after complete eye opening), and P28 (animals weaned, end of critical period).
Typical architecture of sensory thalamic nuclei is already present at birth and of primary sensory cortices at the latest at P21
For a precise identification of thalamic nuclei and cortical areas, reliable injections into A1, S1, and V1, as well as for the definition of landmark-based VOIs in reference MRimages for later SPECT experiments, we first investigated the postnatal cytoarchitectonic development of the gerbil's sensory thalamus and cortex (Figs. 1, 2A) .
At P1, the gerbil's sensory thalamic nuclei are small, but their spatial relationship is already adult-like (P120). The borders of auditory, somatosensory, and visual thalamic nuclei are clearly defined by unstained fiber tracts between the individual nuclei; the sensory nuclei themselves contain very densely packed small neurons. At P15, neurons have gained normal size; at P28, thalamic nuclei nearly reach adult dimensions. Thereby, the borders defined by unstained fiber tracts consistently disappear due to migrating cells.
The primary sensory cortices of a gerbil at P1 can be delineated (from deep to superficial) into subplate (SP), layer VI, layer V, cortical plate (CP; consisting of layers II-IV), and marginal zone (MZ; layer I) (for comparison with other species, e.g., Lopez-Bendito and Molnar 2003; Clowry et al. 2010; Kanold and Luhmann 2010) . The densely packed neurons of the SP clearly stand out against layer VI, which is more loosely packed. Layer V is defined by large pyramidal cells and the adjacent CP by the radial structure of its neurons. The MZ contains only a few neurons. At P1, the gerbil's A1 is approximately 730 lm thick, S1 520 lm, and V1 460 lm (Tab. S2). At the latest at P15 and P21, respectively, layer IV, which contains very densely packed neurons (typical koniocortex), and layer III/II are distinguishable. The MZ develops into layer I approximately between P15 and P21. Notably, layer IV of S1 is already identifiable at P9, consistent with somatosensation being the first active (stimulus-driven) modality. Around P15, the cortex has reached about 95% of its full thickness (compared to P120), being approximately 1340 lm (A1), 1310 lm (S1), and 840 lm (V1) thick (Tab. S2). At P21, when all three senses are active, the cortical layers of A1, S1, and V1 appear adult-like.
In deprived animals, the overall thalamic and cortical cytoarchitecture did not differ from normal P28 animals. In particular, we could not detect signs of neuronal degeneration, such as an increased number of microglia cells in the thalamus or cortex, nor changes in the cortical lamination and/or thickness of deprived animals (Tab. S2).
Multisensory thalamocortical connections develop rapidly but are pruned later on
We next investigated if A1, S1, and V1 received thalamic inputs from non-matched sensory thalamic nuclei and if so, how these connections mature during early postnatal development. We retrogradely labeled thalamic nuclei projecting into A1, S1, and V1 by injections of FG into these cortical areas ( Figs. 2A-D, S1 , Tab. S1) and for analysis grouped thalamic nuclei into lemniscal (core) and non-lemniscal (non-core) categories (Table 1) .
Injections into primary sensory areas resulted in retrogradely labeled neurons in both lemniscal (core) and nonlemniscal (non-core) nuclei of both the respective sensory matched and non-matched pathways, but the fraction of cells in each changed over development. To ensure that this variation is not due to an overall growth of the brain during development, we plotted the average volume of the injection sites (V i ) as percentage of the average total volume of A1, S1, and V1 (V A1,S1,V1 ) for each experimental age and the overall number of retrogradely labeled cells for each experimental age (Fig. S2) . The plots show that over the different age groups, the tracer filled approximately the same fraction of A1, S1, and V1 (2.49 ± 1.99%) but the overall number of labeled cells considerably decreased, indicating that this decrease and other, more specific changes in cell numbers, are not due to volumetric changes of the injection sites.
A1 injections ( Fig. 2A ) resulted in retrogradely labeled somata in ipsilateral sensory matched (i.e., lemniscal and non-lemniscal auditory) but also non-matched thalamic nuclei (i.e., lemniscal and non-lemniscal somatosensory and visual) (Fig. 2B blue bars) . At P1, labeled neurons were found in lemniscal auditory MGV, but the majority of labeled neurons was found in the non-lemniscal auditory MGD and SG as well as in visual LPMR (Fig. S3 upper two panels). Accordingly, the percentage of non-lemniscal on all auditory inputs (87.3%; Fig. 2C ) and non-matched on all thalamic sensory inputs into A1 (17.1%; Fig. 2D ) was very high compared to later time points. At P9, more cells were found in the MGV than MGD and the overall number of labeled somata in both structures increased. In addition, there were labeled cells in the auditory MGM, visual LD, and somatosensory Po, VM, and ZI (Fig. S3) . The percentages of non-lemniscal auditory and non-matched sensory inputs drastically decreased (34.4 and 3.1%; Fig. 2C, D) . At P15, the number of labeled neurons in auditory MGV, MGD, MGM, SG, and MZMG further increased, likewise in the non-matched nuclei Po, ZI, and LP/LD. At P21 and P28, the overall number of labeled somata in the matched and non-matched sensory thalamus was smaller than at P15. Because of the high inter-animal variability, possibly reflecting different gestational ages and animal differences in this outbred species, not all of the described developmental changes in the amount of labeled neurons reached significance in the non-parametric pairwise KS test (mainly due to the high variance across animals, for multivariate SRH analysis see below); however, the trends were obvious (Figs. 2B, S3 ). The small percentage of non-lemniscal auditory inputs remained largely constant between P9 and 21 and then increased towards P28 (47.8%; Fig. 2C ). The percentage of non-matched thalamic inputs remained largely constant in all that time (P9-28) having a value of 4.2% at P28 (Fig. 2D) .
Following injections into S1 (hindlimb area HL), we also detected a large number of retrogradely labeled somata in ipsilateral sensory matched and non-matched thalamic nuclei ( Fig. 2B red bars, Fig. S3 middle two panels). However, already at P1, we found numerous labeled neurons in the lemniscal (VPL/VPM) and non-lemniscal (VL, Po, VM, VA, ZI) nuclei of the somatosensory pathway, many labeled neurons in core (DLG) and non-core visual thalamic nuclei (LP, LD, LPMR), and some cells in nonlemniscal auditory nuclei (MGD, MGM, MZMG, SG) (Fig. S3) . During the following 4 weeks, the overall number of labeled cells in the thalamus continuously decreased; however, there was a second peak of labeled non-matched thalamic nuclei at P15 (Fig. S3) . The percentage of labeled non-lemniscal somatosensory nuclei had its maximum on P9 (76.0%) and shifted towards 64.1% at P28 (Fig. 2C) . The percentage of non-matched inputs was very high at P1 (51.6%) but then remained largely constant between P9 and 28 at a lower level (2.8% at P28; Fig. 2D ).
V1 Injections also revealed numerous retrogradely labeled somata in ipsilateral sensory matched and nonmatched nuclei of the thalamus (Fig. 2B green bars, Fig. S3 lower two panels). At P1, the core visual nucleus DLG contained the highest number of labeled neurons, followed by the non-lemniscal visual nuclei (LP, LD) (Fig. S3) . Until P28, the overall number of labeled cells in the visual thalamic nuclei decreased with varying courses for b Fig. 2 Direct inputs from matched and non-matched sensory thalamic nuclei to A1, S1, and V1 are already present at P1, connections with primary and secondary sensory cortices emerge later. A Frontal sections showing injection sites of FG into the primary auditory cortex (A1) at experimental ages P1, P15, and P28 (left row) and retrogradely labeled cell bodies in lemniscal (MGV) and nonlemniscal (MGD, MGM, SG) medial geniculate body (second row), non-matched thalamus (LPMR, Po, LP; arrows; middle row) as well as in S1 and V1 (fourth and right row). Insets show labeled cells enlarged from arrows or white rectangles. Note that there are no multisensory intracortical connections at P1. Scale bars 200 and 20 lm (insets). For better identification of the cortical layers, corresponding Nissl-stains are shown (see also Fig. 1 ) (HF hippocampal formation, M1 primary motor cortex, V2 secondary visual cortex, wm white matter; for other abbreviations see Table 1 and Fig. 1) . B Mean number of retrogradely labeled neurons in sensory matched and non-matched thalamic nuclei following tracer injections into A1 (blue), S1 (red), and V1 (green) listed for all experimental ages. individual nuclei. There was again a peak of non-matched thalamic nuclei at P15 (Fig. S3) . As for S1, the percentage of labeled non-lemniscal to lemniscal visual nuclei had its maximum on P9 (86.5%) but was rather balanced at P28 (54.7%; Fig. 2C ). The ratio of non-matched to matched sensory thalamic inputs was always very low (1.5% nonmatched connections at P28; Fig. 2D ). Multivariate SHR analysis across the five experimental ages (P1, P9, P15, P21, P28) and the three different locations of the injection sites (A1, S1, V1) always revealed the experimental age as a significant factor (matched connections **p = 0.0039, non-matched *p = 0.0425; Tab. S3 upper panel). The location of the injection sites significantly interacted only with the development of the nonmatched thalamocortical connections (*p = 0.0226).
Collectively, our results demonstrate that during the onset of function of the different sensory systems, matched and non-matched thalamocortical projections to primary sensory cortices overlap. This phase includes a transient increase of connections (in particular of non-matched Fig. 3 During early development, most cross-modal projections to A1, S1, and V1 arise from non-lemniscal thalamic nuclei and secondary sensory cortices. A Fraction of retrogradely labeled cells projecting to A1, S1, and V1 in non-lemniscal sensory thalamic nuclei with substantial connections to two or all three primary sensory areas (normalized to 100%), listed for all experimental ages. Listed next to the name of each structure is the total minimum and maximum number of labeled cells from all experimental cases per age used for the normalization. B Fraction of connections of retrogradely labeled cells projecting to A1, S1, and V1 in other primary and secondary sensory cortices connections around P15; Figs. 2D, S3) and ends with the onset of function of the last modality (vision). In the following phase, which ends with the weaning at P28, exuberant thalamocortical connections are pruned.
Nuclei of the non-lemniscal pathways have individual multisensory cortical projections
Our results show that several thalamic nuclei project to two or all three primary sensory cortices; however, these projections differed for the different thalamic nuclei and experimental ages. To identify the multisensory connectivity patterns of individual thalamic nuclei, we plotted the fraction of targets (A1, S1, V1) of each thalamic nucleus (Fig. 3A) . Among the auditory thalamic nuclei, the nonlemniscal MGD projected predominantly to A1 at all ages. In contrast, between P1 and P9 a large fraction of projections from the other non-lemniscal nuclei of the auditory system (MGM, SG, MZMG) also targeted S1 and V1, with multisensory projections remaining from MGM (32.5% of all outputs) and SG (30.6%) at P28. The somatosensory non-lemniscal nuclei Po and VM were mostly unisensory, while ZI had a higher multisensory output ratio (28.1% at P28). The core nucleus of the visual system (DLG) projected always to V1, except at P1, when approximately one-third of the labeled neurons sent projections to S1 (Fig. S3 middle right panel) . At P1, the non-lemniscal visual nuclei LD and LP (including LPMR) also had strong connections with S1 and A1, which remained for LP for the next 4 weeks (25.7% at P28) (Fig. 3A) .
Altogether, most of the sensory thalamic nuclei with projections to multiple different primary cortices belong to the non-lemniscal sensory pathways (Figs. 3A, S3 ), indicating that they play a key role during multisensory development. In addition, the different projection patterns of the non-lemniscal nuclei suggest that they support different multisensory functions.
Direct connections between primary sensory areas emerge at P15
Our findings show extensive multisensory interconnections at the thalamic level, particularly in very young animals, and a progressive modality-specific refinement of wiring with the onset of sensory experience. Since multisensory processing can also be mediated by direct corticocortical connections between primary sensory areas (for review, e.g., Campi et al. 2010; Stehberg et al. 2014; Henschke et al. 2015; Meredith and Lomber 2017) , we next examined whether such early multisensory convergence and circuit refinement also occurred between primary sensory cortices ( Figs. 2A, E, S4 ). A1 injections resulted in retrogradely labeled neurons in infragranular layers (IGL) of S1 and V1 at experimental ages P15 (V1 only) and P28 (Fig. 2E blue bars, Fig. S4 upper left panel). In contrast, S1 injections (Fig. 2E red  bars, Fig. S4 middle left panel) labeled neurons in IGL as well as supragranular layers (SGL) of V1 and in IGL of A1 from P15 on. At P15, most labeled neurons were in IGL of A1 (75.5%); at P28, most labeled neurons were in SGL of V1 (83.0%). Following V1 injections (Fig. 2E green bars,  Fig. S4 lower left panel) , we detected labeled neurons in IGL and SGL of S1 and A1. Connections from the IGL of A1 appeared first (appearing at P9 and peaking at P15), while S1 connections emerged at P28.
In summary, considerable multisensory corticocortical connections between primary cortical areas exist from P15 on; thus, later than multisensory thalamocortical connections. During the following weeks, both the corticocortical and thalamocortical connections are refined.
Extensive multisensory connections from secondary to primary areas emerge at P9
Higher order sensory areas, e.g., secondary sensory cortices, project to primary sensory areas of other modalities and provide a substrate for multisensory integration (e.g., Paperna and Malach 1991; Cappe et al. 2009; Banks et al. 2011; Ibrahim et al. 2016 ). We, therefore, investigated if the development of these connections precedes or follows connections between primary areas (Figs. 2E, F, 3B, S4) .
Following injections into A1, S1, or V1, we found retrogradely labeled neurons in non-matched secondary cortical areas from P9 on with generally higher numbers than for primary areas (Figs. 2E, S4 ). Labeled neurons were located in IGL and SGL and their numbers increased with age and reached their maximum between P15 and P21 ( Fig. S4 right panels) . Towards P28, they usually decreased.
Thus, multisensory corticocortical connectivity is present from P9 on. Since from P15 on, primary sensory areas also project across modalities, we investigated which of these pathways is dominant at each age. We plotted the fraction of primary and secondary connections and found that multisensory cortical inputs, particularly into A1 and S1 were initially dominated by secondary areas but at P28, following a transient shift towards secondary areas after eye opening at P21, had generally shifted towards primary areas (Figs. 2F, 3B) . Accordingly, the percentage of multisensory cortical inputs from secondary sensory areas to primary areas is 75.8% for A1, 47.2% for S1, and 59.3% for V1 (Fig. 2F) .
Multivariate SHR analysis across the five experimental ages and the three different locations of the injection sites revealed for connections with primary and secondary sensory cortices that mainly the experimental age (***p = 0.0016 and 0.0013) is the significant factor for the development of intracortical connections (Tab. S3 upper panel). The location of the injection sites only influences the connections between the primary areas themselves (*p = 0.0294).
Together our data demonstrate that connections from secondary areas are more numerous than those among primary areas and that they emerge later than the multisensory thalamocortical connections (P1) but earlier (P9) than connections among primary areas (P15). Both secondary and primary intracortical connections are most numerous around P15; afterward, exuberant projections are eliminated and refined.
Loss of early sensory experience drastically increases the number of matched and non-matched thalamo-and corticocortical connections
Early sensory experience shapes the development of the matched thalamocortical and intracortical connections underlying a subsequently deprived sense (for review, e.g., Hensch 2005; Sur and Rubenstein 2005; Espinosa and Stryker 2012; Mezzera and Lopez-Bendito 2016). However, it is largely unknown if and how sensory experience shapes the matched and non-matched thalamocortical and corticocortical connections underlying the other (spared) senses and how experience shapes the non-matched connections of the deprived sense. To discern general principles, we deprived one of the three main senses and compared the effects of each deprivation. Auditory deprivation was performed by bilateral ototoxic inner hair cell damage at P10, somatosensory deprivation by bilateral axotomy of the sciatic nerve at P5, and visual deprivation by bilateral enucleation at P10. Then, the connectivity patterns of A1, S1, and V1 were examined at P28, i.e., at the end of the last (visual) critical period (Figs. 4, 5, S3-4) .
Each of these deprivations induced a general increase in matched and non-matched thalamocortical connections, including connections to cortical areas of non-deprived senses (Figs. 4B, G, S3) . The largest increase in thalamocortical connections was always seen after somatosensory deprivation (except for V1 after deafening). Generally, we noted differential changes on lemniscal and non-lemniscal pathways.
After auditory deprivation, the increase in matched inputs was due to rather equally higher non-lemniscal and lemniscal projections to A1 and S1 but relatively more non-lemniscal projections to V1 (Fig. 4C) . The increase in non-matched thalamic inputs was due to additional projections from non-lemniscal thalamic nuclei of the other senses, for example, from Po, VM, and LP/LPMR to A1, LD/LP and non-lemniscal MGB-divisions to S1, and SG and VM to V1 (Fig. S3) . Despite the increase of the number of non-matched thalamic inputs to A1, S1, and V1 after auditory deprivation (significant for S1 and V1; Fig. 4B ) the overall percentage of non-matched inputs on all sensory thalamocortical connections increased only for S1, namely from 2.8 to 14.4% (Fig. 4D) .
Somatosensory deprivation resulted in increased matched inputs to S1 from slightly more lemniscal sources, to V1 from slightly more non-lemniscal sources, and to A1 from equally more non-lemniscal and lemniscal sources (Fig. 4C) . Again, the increase in non-matched thalamic projections arose largely from increased projections from non-lemniscal thalamic nuclei, e.g., VM and LP/LPMR to A1, MGB and LD/LPMR to S1, and SG, Po, and VL/VM to V1 (Fig. S3) . The overall percentage of non-matched inputs increased for all three primary areas, namely for A1 from 4.2 to 8.3%, for S1 from 2.8 to 8.4%, and for V1 from 1.5 to 6.2% (Fig. 4D) .
Following visual deprivation, additional matched inputs originated from rather equally higher non-lemniscal and lemniscal projections to S1 but more non-lemniscal projections to A1 and particularly to V1 (Fig. 4C) . Additional non-matched thalamic projections came, among others, from Po, VM, and LP/LPMR to A1, LPMR and SG to S1, and SG, Po, and VL/VM to V1 (Fig. S3) . The percentage of non-matched inputs increased only slightly for S1 (from 2.8 to 4.5%) but more for A1 (4.2-9.4%) and V1 (1.5-5.3%) (Fig. 4D) . Fig. 4 Loss of early sensory experience drastically increases the number of matched and non-matched thalamocortical and corticocortical connections. A Frontal sections showing retrogradely labeled somata in matched and non-matched thalamic nuclei (left and second row) as well as in other primary and secondary sensory cortices (third and right row) following early auditory, somatosensory, and visual deprivation and tracer injections into A1 at P28. Scale bars 200 lm (APT anterior pretectal nucleus; for other abbreviations see Table 1 and Fig. 1) . B Mean number of retrogradely labeled neurons in sensory matched and non-matched thalamic nuclei following tracer injections into A1 (blue), S1 (red), and V1 (green) listed for normal P28 animals (same as in Fig. 2 ) and for animals following early sensory deprivation. C Percentage of non-lemniscal inputs on matched thalamocortical connections. D Percentage of non-matched inputs on all sensory thalamocortical connections. E Mean number of retrogradely labeled somata in primary and secondary sensory cortices. F Percentage of inputs from secondary sensory areas on all multisensory corticocortical connections. G Relative increase of multisensory matched and non-matched thalamocortical connections as well as cortical projections from primary and secondary sensory cortices of A1 (blue), S1 (red), and V1 (green) following early auditory, somatosensory, and visual deprivation compared to normal animals (number of labeled cells in deprived animals/number of labeled cells in normal animals). Error bars are SEM of the total number; stars (color coded as injected areas) indicate significant changes between control animals (P28) and deprived animals (*p = 0.03, KS test; n = 3 for each deprivation type and injection site). Other conventions as in Fig. 2 Taken together, in deprived animals, many thalamic nuclei have more connections with the cortical area of their own (deprived) modality but also of other (spared) modalities compared to normally developing animals. The increase in thalamic projections is strongest for non-matched thalamic projections and for somatosensory deprivations and is most obvious in V1 (Figs. 4G, S3 ). Following deprivation, thalamic nuclei such as SG, Po, VM, and LD had more cortical projections across senses (Fig. 5A) indicating a specific recruitment of these nuclei.
We next investigated whether multisensory corticocortical connectivity was also affected by the loss of early sensory experiences. In general, we observed that sensory deprivation led to increased cortical connections from primary and secondary cortical areas (Figs. 4E, G, S4 ). Similar to its large effect on thalamocortical connections, somatosensory deprivations usually caused the largest increase in cortical projections (mainly from secondary areas) followed by auditory deprivations (mainly from primary areas). As a consequence of the areal and laminarspecific alteration of intracortical connectivity, the ratios of inputs from primary and secondary areas to A1, S1, and V1 changed, thereby shifting towards expanded inputs from secondary areas to A1 and S1, but not V1 (Figs. 4G, 5B) . Fig. 5 The loss of early sensory experience increases cross-modal connection of most non-lemniscal thalamic nuclei and shifts most cortical connections towards those from secondary areas. A Fraction of retrogradely labeled cells projecting to A1, S1, and V1 in nonlemniscal sensory thalamic nuclei with substantial connections to two or all three primary sensory areas (normalized to 100%) for normal P28 animals (same as in Fig. 3 ) and for animals following early loss of auditory, somatosensory, and visual experience. Listed next to the name of each structure is the total minimum and maximum number of labeled cells from all experimental cases per deprivation type used for the normalization. B Fraction of connections of retrogradely labeled cells projecting to A1, S1, and V1 in other primary and secondary sensory cortices for normal P28 animals (same as in Fig. 3 ) and for animals following early loss of auditory, somatosensory, and visual experience Multivariate analysis across the three different deprivation types and three different locations of the injection sites revealed for thalamocortical and corticocortical connections that mainly the deprivation type is the significant factor for changing connectivity patterns (thalamocortical ***p = 0.0007 and **p = 0.0011, cortical: ***p = 0.0003 and ***p = 0.0004; Tab. S3 lower panel). The location of the injection site influences the matched thalamocortical connections and the intracortical connections among the primary areas (*p = 0.0462 and *p = 0.0342).
Together we find a general increase in multisensory thalamo-and corticocortical connectivity of the primary sensory cortices following early loss of sensory experiences. This increase is seen in all modalities and for all deprivations, is most pronounced for somatosensory deprivations, and is most evident in V1 (Fig. 4G) . The changing ratios of lemniscal/primary sensory and nonlemniscal/secondary sensory inputs (Figs. 4C, F, 5) suggest the existence of a specific mechanism of cross-modal recruitment and compensatory plasticity.
The nature of intracortical connections changes after loss of early sensory experiences
Intracortical connections can originate in infra-(IGL) or supragranular layers (SGL) and these different pathways might signal different aspects of the sensory stimulus (Felleman and Van Essen 1991; Rouiller et al. 1991) . To investigate the changing patterns of multisensory cortical interactions following early sensory deprivation we calculated a layer index (L) (Fig. 6, Tab. S4 ), which provides (together with the laminar pattern of anterograde terminal labeling) basic information about the type of a projection, such as feedback (majority of labeled cells in IGL), feedforward (majority of labeled cells in SGL), or lateral (also termed intrinsic; equal numbers in IGL and SGL) (Cappe and Barone 2005; Budinger et al. 2006; Masse et al. 2017) .
In normal animals at P28, most connections between primary areas originate mainly from IGL, i.e., the layer indices are negative (L \ -0.1), which is indicative for feedback connections (Fig. 6A) . Exceptions are the connections from V1 to S1, which originate mainly in SGL Fig. 6 The nature of intracortical connections alters due to the loss of early sensory experiences. A, B Illustrated is the putative nature of corticocortical connections based on the laminar distribution of retrogradely labeled neurons (i.e., layer indices L, Tab. S4) in primary and secondary sensory cortices following FG injections into A1, S1, and V1 at P28 in normal animals (A) and in animals after early auditory (deaf), somatosensory (somat), and visual (blind) deprivation (B). Feedforward (red) connections originate mainly in supragranular layers (SGL; 0.1 \ L B 1), feedback (blue) in infragranular layers (IGL; -1 B L \ -0.1) and lateral (green) connections equally in SGL and IGL (-0.1 B L B 0.1). C Difference maps illustrating that in particular after auditory and somatosensory deprivation, connections turn towards more positive values (red), i.e., originate more in SGL (feedforward-type), whereas after visual deprivations, connections originate more in IGL (feedback-type; blue). Color coded layer indices were derived from the mean values of retrogradely labeled neurons in primary and secondary sensory areas following FG injections into A1, S1, and V1 at P28 in normal and deprived animals (n = 3 for each experimental condition, see Tab. S4) Brain Struct Funct (2018) 223:1165-1190 1179 (L [ 0.1, indicative for feedforward connections). Projections from secondary areas could originate from either IGL (A2 to S1, A2 to V1, S2 to V1; feedback) or SGL (V2 to A1, V2 to S1; feedforward) or equally both (S2 to A1; -0.1 B L B 0.1, lateral) (Fig. 6A) . In deprived animals, most of the intracortical connections originated mainly in the IGL (feedback), except for connections from S2 to A1, which were either still lateral or changed to feedforward (Fig. 6B) . However, particularly in deaf and somatosensory deprived gerbils, the number of labeled cells in SGL increased for many projections, turning the layer indices towards more positive values (Fig. 6C) . In blind gerbils, the projections from S1 and V1 to A1 disappeared; for most remaining connections the number of labeled cells in IGL increased or did not change (Fig. 6C) .
Taken together this shows that the nature of cortical connections undergoes profound changes due to early loss of sensory experience. After deprivations, many intracortical connections are more formed by SGL neurons indicating that the connections switch back to a more feedforward-like, stimulus-driven status (e.g., Markov and Kennedy 2013).
Changes in multisensory connectivity are due to axonal remodeling
The dynamically changing pattern of multisensory convergence during the development of normal and sensory deprived animals could be caused by multiple non-exclusive factors such as generation or elimination of projection neurons or extensive axonal remodeling such as sprouting or pruning (e.g., Innocenti and Price 2005; Barnes and Finnerty 2010) . To test this we performed immunohistochemistry for markers of cell apoptosis (Cysteinyl-aspartate Specific Protease 3: CASP3; e.g., Roth et al. 2000) , neurogenesis (Doublecortin: DCX; e.g., Gleeson et al. 1998) , and axonal plasticity (Growth Associated Protein 43: GAP43; e.g., Benowitz and Routtenberg 1997) (Fig. 7) .
Only some CASP3? neuronal somata were present in the sensory thalamic nuclei and cortical areas of normal and deprived animals (mostly at P1 and P9). None of these neurons were double-labeled with FG indicating that there was no apoptosis of sensory thalamic and cortical projecting neurons (Fig. 7A) .
At P1, DCX-labeling showed a high intensity in fibers and cell bodies of the auditory, somatosensory, and visual thalamic nuclei and the primary sensory areas. Until P28, this labeling progressively decreased by 60.4 ± 8.3% (lemniscal thalamic nuclei), 56.2 ± 9.4% (non-lemniscal thalamic nuclei), and 56.3 ± 3.4% (primary cortical areas), respectively (Fig. 7B, C) . Since there was no colocalization of DCX and FG in particular neuronal somata (i.e., no double-labeled cells; Fig. 7A ), neurons with projections across the modalities were not newly generated.
In contrast to the developmental decrease of DCX staining levels, GAP43 labeling (Fig. 7D, E) progressively increased in the gerbil's lemniscal/core and non-lemniscal/ non-core thalamic nuclei and reached its maximum between P9 and P15 (increase of 26-116% for lemniscal and 34-61% for non-lemniscal thalamic nuclei). After P15, the GAP43-expression decreased in the lemniscal nuclei (17.1 ± 6.8%) whereas the expression in non-lemniscal nuclei remained constantly high or increased even further until P28 (Fig. 7D) . The different GAP43-labeling in lemniscal and non-lemniscal thalamic nuclei suggests a different capacity for neuronal plasticity of the lemniscal and non-lemniscal pathway during early development. Whereas this capacity apparently decreases for the lemniscal part of the thalamus, it increases for its non-lemniscal part. In primary sensory cortices, the staining intensity of GAP43 in all three areas was lowest at P1 but increased significantly until P15 (by 54.3 ± 12.8%); before remaining constant (Fig. 7E) .
Sensory deprivations did not change the expression of DCX neither in thalamus (except for VPM/VPL after auditory deprivation; Fig. 7B) or cortex (Fig. 7C) . resp. DCX? neurons are not co-localized. Scale bar 25 lm. B, C Left side: doublecortin (DCX) staining intensities in lemniscal (MGV, VPM/VPL, DLG) and non-lemniscal thalamic nuclei (MGD, Po, LP) and primary sensory areas (A1) constantly decrease during early development. Early sensory deprivation usually does not change the DCX expression at P28. Right side: frontal sections through the auditory thalamus and cortex showing DCX labeling at P1 and P28. D, E Left side: growth associated protein 43 (GAP43) staining intensities in sensory thalamus and cortex increase until P15 but then decrease in lemniscal thalamic nuclei. In non-lemniscal nuclei and primary areas, GAP43 remains rather high or even increases further. This holds also true for sensory deprived animals. Right side: frontal sections through the auditory thalamus and cortex showing GAP43 labeling at P1 and P28. Gray values are mean ± 1 SD; stars (color coded as structures) indicate significant changes between experimental ages or (in some cases) significant differences between normal and deprived animals at P28 (*p B 0.05, **p B 0.01, ***p B 0.001, Student's t test; n = 9 sections for each structure at each age and for each deprivation type). Images show DCX (B, C) and GAP43 (D, E) staining in auditory thalamus (B, D) and primary auditory cortex (A1; C, E) at P1 and P28. Scale bars 200 lm. For abbreviations see Table 1 and Fig. 1 Likewise, GAP43 levels remained constant or slightly increased following sensory deprivation (Fig. 7D, E) .
Thus, axonal reorganization processes likely underlie the observed changes in multisensory connectivity during early (normal) development and following early sensory deprivation. Decreasing and increasing numbers of thalamocortical and corticocortical connections can be particularly explained by tangential pruning or sprouting of axonal branches (i.e., across cortical columns and areas), respectively; differences in the laminar distribution of retrogradely cells in the cortex (see layer index) by radial (i.e., across layers, within a column) and/or tangential remodeling of axons. The high concentration of GAP43 in the non-lemniscal thalamic nuclei and primary areas from P15 on suggests a higher potential for axonal remodeling in these regions and might be a major source for cross-modal plasticity during early developmental phases.
Altered sensory-evoked functional connectivity after deprivations reflect increased anatomical connectivity
We have shown that the loss of early sensory experience leads to an increase of multisensory thalamo-and corticocortical connections of the primary sensory cortices. To test how this altered connectivity patterns affect the neuronal processing in the deprived and spared sensory pathways and in particular the functional connectivity between non-deprived and deprived sensory areas we performed SPECT-imaging of regional cerebral blood flow (rCBF) using the flow tracer 99m Technetium hexamethylpropyleneamine oxime ( 99m Tc-HMPAO). This approach allows the in vivo imaging of brain-wide spatial patterns of neural activity in freely behaving animals (Kolodziej et al. 2014; Bhattacharya et al. 2017 ). Since we observed the most profound changes in anatomical connectivity after somatosensory deprivations (Figs. 4, S3-4) we compared brain activity to visual and acoustic stimuli (light flashes and noise bursts) in 28 days old normal and somatosensory deprived gerbils.
Upon sensory stimulation, normal and somatosensory deprived animals showed an increased rCBF compared to baseline in the matched sensory pathway but also in structures of the unmatched pathways (Fig. 8, Tab. S5 ). This was most evident in voxelwise but also VOI-based analysis (Fig. 8A-D) ; however, deprived animals showed reduced stimulus-induced activation in many of these structures compared to normal animals. Following visual stimulation, this was mainly seen in cortical and subcortical areas of the deprived somatosensory pathway (averaged rCBF decrease of 180% across all investigated somatosensory structures) but also in most of the spared auditory (-28%, without right MGB) and visual (-66%, without left LD/LP, right DLG) cortical and subcortical areas (Fig. 8E) . Notable exceptions were some of the spared thalamic nuclei (e.g., LD/LP on the left side, MGB and DLG on the right side; Tab. S5). Likewise, following auditory stimulation, most areas of the deprived somatosensory (-112%) and spared auditory (-70%) and visual (-119%, without V2) pathways displayed a reduced increase in rCBF. Notably, V2 (bilateral) showed a higher rCBF in deprived animals upon acoustic stimulation (Fig. 8F, Tab. S5 ).
Since our anatomical measures indicated an altered amount of connectivity, we next sought to confirm that these anatomical rearrangements had functional consequences. We thus analyzed the covariance (correlation) of activity between selected areas upon visual and acoustic stimulation, which is a measure of functional connectivity (e.g., Horwitz et al. 1999) and whether this connectivity would be altered after sensory loss (Fig. 8G , Tab. S6). Generally, the functional connectivity (R 2 coefficients) was stronger (i.e., R 2 higher) between structures belonging to the same sensory pathway than across modalities. However, specifically the functional connectivity between primary sensory areas was stronger in somatosensory deprived animals than in normal animals. Only a few percent of the stimulus-evoked activity in primary sensory cortices of normal animals but up to 64% of the stimulusevoked activity in the respective areas of somatosensory deprived animals (e.g., R 2 for left hemispheric V1/S1-HL upon visual stimulation = 0.638; Tab. S6) could be attributed to direct (linear) correlation (Fig. 8G) . In deprived animals, functional connectivity also increased between primary and many secondary areas (e.g., between A1 and S2 upon both stimulations up to R 2 = 0.80; Tab. S6). Covariance of activity between secondary areas themselves and between thalamic nuclei and cortical areas did not change in a systematic manner following sensory deprivation.
The changes in functional connectivity mirror our anatomical observations, e.g., that the increased functional connectivity between cortical areas in deprived animals directly correlates with the increased number of connections between them (anatomical connectivity). As the plot of the changing number of projection neurons versus the changing functional connectivity shows (Fig. 8H) this correlation is stronger for connections between primary cortices (R 2 = 0.878) than for connections arising from secondary cortices (R 2 = 0.228). Collectively, our SPECT results show that in somatosensory deprived gerbils stimulus-evoked activity in most structures of the deprived and spared sensory pathways is altered upon sensory stimulation (mainly lower than in normal) and the functional connectivity specifically to primary cortices is enhanced. Frontal hemisections through V1 of the right hemisphere (R); normal and somat were aligned at the midline for better comparison. Data are global mean normalized; images are pseudo-colored and fused with a standard MRI of a P28 gerbil for anatomical reference. B Bar graphs for mean tracer uptake in both groups as in A (mean ± 1 SEM; *p B 0.05, **p B 0.01, ***p B 0.001, Student's t test). C Difference map of tracer uptake upon stimulation minus baseline (percentage change relative to global mean). Warm colors indicate stimulusinduced increases and cold colors decreases in tracer content relative to baseline conditions. Probability map shows areas of significant differences between both groups (blue: lower stimulus-induced increase or even stimulus-induced decrease in somat compared to normal). D Bar graphs for baseline-corrected mean tracer uptake in both groups as in C. E, F Difference and p-maps upon visual (E) and acoustic (F) stimulation. Conventions as in A and C. Numbers indicate position rostral (?) or caudal (-) to bregma. For further information see Tab. S5. G The linear correlation of tracer content in V1 and S1-hindlimb (HL) area (left hemisphere) is increased in somat (R 2 = 0.638) compared to normal animals (R 2 = 0.004). See also Tab. S6. H There is a strong linear correlation between the changing anatomical and functional connectivity of primary (psc) and secondary (ssc) sensory cortices in somat. Plotted is the changing, i.e., increasing overall (IGL ? SGL) number of neurons connecting psc among each other (blue dots) as well as ssc with psc (green dots) versus the changing, i.e., usually increasing functional connectivity between cortical areas (left hemisphere). Values were derived from Fig. S4 and Tab. S6. All values are derived from n = 10 normal and n = 10 somat animals Brain Struct Funct (2018 ) 223:1165 -1190 1183
Discussion
We demonstrate here that during early development, substantial multisensory thalamocortical and intracortical connections to the primary sensory areas exist and that this development can be altered by early sensory loss. This sensory loss has a dramatic effect not only on the pathways underlying the deprived sense but also on pathways serving the non-deprived senses enabling functional recruitment of deprived cortical areas by the spared senses. We find that during normal development thalamocortical connections to the matched as well to as non-matched primary sensory cortical areas develop first followed by the development of multisensory corticocortical connections between secondary and primary areas and primary areas themselves. Since the three senses develop sequentially, e.g., somatosensory before auditory and vision (gerbil: Bolles and Woods 1964; Cabana et al. 1993; Mowery et al. 2016) , S1 has most matched and non-matched thalamic inputs shortly after birth. Given that sensory systems are active together during development, the eventual connectivity is likely governed by the changing functional competition between sensory inputs during the earliest postnatal developmental phase (for review, e.g., Hensch 2004 Hensch , 2005 . Subsequently, when all three systems are active, a rapid consolidation of unisensory and multisensory pathways takes place characterized by a reduction of exuberant thalamocortical and corticocortical connections. Importantly, our results show that non-lemniscal thalamocortical pathways as well as secondary sensory cortices are the main sources of early multisensory convergence in primary areas. Given that the non-lemniscal identity seems to be the default identity of thalamic neurons (Pouchelon et al. 2014) this suggests that early large-scale cross-connectivity between thalamic and cortical areas that later serve multisensory processing might be the default function of brain networks and that this cross-modal connectivity gets refined by the onset of different sensory experiences.
Early loss of one of the three senses revealed altered thalamocortical and corticocortical connections. The overall number of these connections increases in particular for non-matched connections and especially for those arising from non-lemniscal thalamic nuclei and secondary sensory cortices. Moreover, we find that not only does the number of connections between cortical areas change after sensory deprivations but that the laminar source of intracortical connections changes as well. Corticocortical forward (ascending) connections largely originate in SGL and terminate in granular layer IV, whereas corticocortical feedback (descending) connections originate in IGL and terminate in upper SGL and lower IGL; lateral (intrinsic) connections originate in SGL and IGL and terminate in a columnar fashion across all six cortical layers (Felleman and Van Essen 1991; Rouiller et al. 1991) . Our results on the laminar distribution of retrogradely labeled neurons show, for example, that auditory and somatosensory deprivations result in an increased fraction of projection neurons being located in the SGL than the IGL. Thus, the intracortical connections after such deprivations are now more feedforward suggesting an increased driving (bottomup) function as compared to dominant IGL (feedback) connections that have a more modulatory (top-down) role (e.g., Markov and Kennedy 2013; Laramee and Boire 2014) . Interareal sensory pathways initially originate in the SGL and are then remodeled to IGL connections during subsequent development (e.g., Burkhalter 1993; Batardiere et al. 2002; Berezovskii et al. 2011; Ko et al. 2013 ); therefore, our findings suggest that deprivations result in immature cortical connectivity between the deprived and non-deprived cortical areas. Altogether, our results show that both thalamocortical and corticocortical alterations might underlie the functional cross-modal recruitment of the deprived and compensatory plasticity of the spared pathways (for review, e.g., Rauschecker 1995; Pallas 2001; Bavelier and Neville 2002; Lee and Whitt 2015) .
The development of early sensory thalamo-and corticocortical connections is not only driven by external stimulusinduced but also by preceding endogenous non-sensory activity (e.g., spontaneous cochlear or retinal waves; Katz and Shatz 1996; Price et al. 2006; Blankenship and Feller 2010; Kilb et al. 2011; Hanganu-Opatz et al. 2015) . We deprived animals shortly after (somatosensory), shortly before (auditory), and in the midterm before (vision) onset of sensory experience. As a consequence, the formation of connections by preceding spontaneous activity was less complete in the auditory and visual system at the time point of sensory organ deafferentiation (Kotak et al. 2012 ). This might explain, for example, why effects of somatosensory and auditory deprivation are strongest for the development of connections of the visual system (V1), which is the latest in development and thus most susceptible for plastic changes. Likewise, we find that somatosensory deprivation leads to the highest and visual deprivation to the least increase of matched and non-matched sensory thalamo-and corticocortical connections; therefore, we conclude that with this respect external stimulus-induced activity is most important for unisensory and multisensory sensory pathway formation.
Our results provide evidence that the changes in the thalamo-and corticocortical connectivity patterns, both during normal development and following sensory deprivation, are not due to an apoptosis nor neurogenesis of thalamic and cortical projection neurons but rather to axonal reorganization processes. Increasing numbers of retrogradely labeled thalamocortical and corticocortical neurons might be a particular result of tangential (i.e., across cortical columns and areas) sprouting and growth of their axonal branches including the genesis of new synapses, a changing laminar distribution of labeled cortical neurons may additionally comprise radially orientated (i.e., across layers, within a column) modifications of their axons, all having a variety of molecular mechanisms behind (for review, e.g., Innocenti and Price 2005; Price et al. 2006; Barnes and Finnerty 2010; Tropea et al. 2009 ). The abundance of GAP43, which is highly expressed in neuronal growth cones (e.g., Benowitz and Routtenberg 1997) , in non-lemniscal thalamic nuclei and primary sensory areas indicates that these structures mediate most of the axonal remodeling. Our findings of increased connectivities following early sensory deprivation correlate with the increased density of granular and supragranular dendritic spines, i.e., of the putative targets of enhanced crossmodal thalamic and cortical inputs, in auditory cortex of early blinded or somatic deafferented young rats (Ryugo et al. 1975 ) and early deafened (but) adult cats (Clemo et al. 2016) .
Consistent with our anatomical observations SPECTimaging shows that in deprived animals stimulus-driven activity is altered and functional connectivity specifically to primary cortices is increased. Since responses to visual and acoustic stimuli decreased in most sensory structures, but the cross-modal inputs to these areas and their functional connectivity increased, the functional anatomical changes may represent a particular form of input refinement into specific subcircuits of the target areas. From the anatomical point of view, a reduced number of postsynaptic targets (i.e., spines of the recipient cells) could explain the reduced activity to intra-and cross-modal sensory stimulation. Indeed, preliminary results from our laboratory show a reduced spine density of apical and basal dendrites of supragranular pyramidal cells in A1, S1, and V1 of sensorily deprived animals compared to normal animals (P28 gerbils; Macharadze et al., in prep.) . Another explanation for the reduced activity in deprived animals might be the involvement of specific inhibitory subcircuits in the target areas of cross-modal inputs. This notion is supported by studies in mouse V1, where sound stimulation drives in particular local GABAergic inhibition via direct cross-modal projections from A1, resulting in a reduced overall spike activity and sharpened neuronal orientation preference to concurrent visual stimuli (Iurilli et al. 2012; Ibrahim et al. 2016 ). Similar to our observations, humans, who experienced a transient period of blindness, show a reduced activation to noise and a subsequent more efficient cortical processing of acoustic stimuli in the auditory cortex than control subjects do (Guerreiro et al. 2016) . However, the reduced and probably refined activity seen in our deprived animals at the end of the critical period, could during later development potentially turn into enhanced responses to non-matched stimuli in the deprived sensory pathways as seen in auditory, somatosensory, and visual cortex of several species (e.g., hamster: Izraeli et al. 2002; mouse: Teichert and Bolz 2017; rat: Piche et al. 2007 ; ferret: Allman et al. 2009; cat: Meredith and Lomber 2011) . Longitudinal studies, ranging from early postnatal age to adults, may shed further light on that issue.
In adult humans and animals, the loss of a sensory modality leads to functional improvements of remaining senses (for review, e.g., Merabet and Pascual-Leone 2010; Frasnelli et al. 2011; Renier et al. 2014) including the remarkable echolocalization ability of some blind people (for review, e.g., Kolarik et al. 2014) . Several neuronal mechanisms have been suggested to drive this cross-modal (or compensatory) plasticity such as the formation of new pathways or unmasking, strengthening, or remodeling of existing connections (for review, e.g., Bavelier and Neville 2002; Feldman and Brecht 2005; Barnes and Finnerty 2010; Kupers and Ptito 2014) . Sensory deprivations in adults can strengthen thalamocortical synapses as well as refine and strengthen intracortical connections of the spared sense (Yu et al. 2012; Klinge et al. 2010; Petrus et al. 2014; Meng et al. 2015; Petrus et al. 2015 ). In contrast, studies investigating cross-modal connectivity of primary cortices in adult animals following early or congenital sensory loss, draw a conflicting picture of the underlying mechanisms. On the one hand, bilateral neonatal enucleation in mice (Charbonneau et al. 2012 ) and early deafening (Sanchez-Vives et al. 2006; Meredith and Allman 2012; Chabot et al. 2015) or congenital deafness (Barone et al. 2013 ) in cats and ferrets result in only subtle changes of matched and non-matched sensory connections of V1 and A1 when compared to normal individuals. In contrast, adult opossums, which were bilaterally enucleated at early age, show an increase of cross-modal thalamocortical and corticocortical connections of V1 (Karlen et al. 2006 ). The differences between these studies might be due to timing and severity of the deprivations (e.g., onset, duration, transient, permanent), peculiarities within similar systems (e.g., barrel system versus hindlimb system), or species difference (e.g., developmentally, behaviorally). As a further example and in agreement with our study, which shows a transient peak of non-pruned multimodal thalamocortical and corticocortical connections for the gerbil's A1, S1-HL, and V1 at P15 during normal development, a recent study in rats demonstrated much more projections from V1 to S1-BF (barrel field) at P14 than in adult animals (Bieler et al. 2017 ). However, a decrease of these projections due to a transient whisker-trimming (P0-P5), compared between transiently deprived and control animals around P20 , is in contrast to our findings of generally increasing multisensory connections due to (permanent) deprivation, but actually coincides with the general pruning of these connections towards the end of the critical sensory period. Thus, the interplay between a transient neonatal deprivation, a recovering of stimulusinduced whisker activity, and a general pruning of multisensory connections towards the end of the critical period obviously causes very subtle changes of the connectivity patterns, which appear contradictory at the first glance but indeed are compatible. Altogether, collective results of detailed comparative studies highlight the importance and translational gain of various sensory systems and animal models (see also Meredith and Lomber 2017) .
We show that early sensory loss causes an upregulation of multisensory connections at the end of the critical period, which might be the prerequisite for superior abilities of the remaining senses in adult patients. Thus, our study has translational implications for the management of early acquired or congenital deafness (for review, e.g., Kral and Sharma 2012) , blindness (for review, e.g., Renier et al. 2014; Nys et al. 2015) , and sensory paralysis (for review, e.g., Kaas and Collins 2003; Navarro et al. 2007) . Therapeutic approaches that focus on the survival and viability of early multisensory connections at the end of the critical period, for example, by multisensory perceptual training (e.g., Proulx et al. 2014; McGovern et al. 2016) , sensory substitution (e.g., Stiles and Shimojo 2015; Maidenbaum et al. 2014) , or, though still prospectively, manipulation of the molecular background (e.g., Berardi et al. 2003; Tropea et al. 2009; Hubener and Bonhoeffer 2014) , might greatly improve the clinical outcome.
Our study might also provide mechanistic insights into unique perceptual phenomena such as synesthesia in particular developmental synesthesia for which competing theories about its origin exist. The cross-activation hypothesis posits that widespread multisensory connections, underlying multisensory associations, are present in early life in human infants (Spector and Maurer 2009; Ward 2013) , but then are incompletely pruned during maturation (Hubbard et al. 2011) . The alternative disinhibited feedback (Grossenbacher and Lovelace 2001) and re-entrant feedback hypothesis (Smilek et al. 2001 ) posits that adult synesthetes show a lack of inhibition of normal multisensory connections. Our developmental and deprivation data support the cross-activation theory. Notably, we show that early multisensory connections can be ''preserved'' or ''reactivated'' after the loss of a sense and may then very well lead to acquired forms of synesthesia (Afra et al. 2009 ).
Conclusions
Our study demonstrates that during normal development intracortical multisensory connections are formed as a consequence of sensory-driven multisensory thalamocortical activity. After early sensory loss, the functional recruitment of a deprived cortical territory by spared senses is due to changes in the development of sensory thalamocortical and corticocortical connections; non-lemniscal thalamic nuclei and secondary sensory cortices play a pivotal role in this process.
